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In this paper we present the results of calculations and analyses of the integral particle reflec-
tion coefficient of photons for oblique photon incidence on planar targets, in the domain of
initial photon energies from 100 keV to 300 keV. The results are based on the Monte Carlo
simulations of the photon reflection from water, concrete, aluminum, iron, and copper mate-
rials, performed by the MCNP code. It has been observed that the integral particle reflection
coefficient as a function of the ratio of total cross-section of photons and effective atomic
number of target material shows universal behavior for all the analyzed shielding materials in
the selected energy domain. Analytical formulas for different angles of photon incidence have
been proposed, which describe the reflection of photons for all the materials and energies ana-

lyzed.
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INTRODUCTION

In studying particle reflection from larger ob-
jects (such as walls, floors, etc.), the concept of parti-
cle albedo can be used [1-4]. In this view, reflection is
not strictly defined as the reflection from a surface
(surface backscattering), but as a complete process of
particle penetration into a target material, its scattering
and absorption in the object, and finally, backward
emission of a part of radiation from the boundary sur-
face of the material, with the decreased energy and
from a point on the surface dislocated regarding the
point of the primary beam incidence. This concept in-
cludes several basic and quite acceptable simplifica-
tions of the physical problem, thus enabling spatial,
energy, and angular distribution of reflected radiation
to be determined in a simpler way than required origi-
nally by the totality of the transport task.

Integral reflection coefficients for different
kinds of particles can be presented as universal func-
tions within specified ranges of incident particle ener-
gies. This means that a single function can describe re-
flection of one type of particles from different target
materials and for different particle energies. Number
of papers have been published on this topic [3, 5-11].
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The results of these studies are significant both meth-
odologically and from a practical point of view. From a
theoretical standpoint, the search for a universal defi-
nition of the reflection coefficient is conducive to find-
ing common methodical means for studying and de-
fining the heterogeneous processes of physical
transport. From a practical point of view, the determi-
nation of universal reflection coefficients would result
in the reduction of voluminous technical data now
needed, tables presently used in engineering manuals
and overall simplification of their use [12].

In the previous ten years the authors published
several papers [7-11, 13], in which analyses of photon
reflection were done and the universal behavior of the
integral reflection coefficients was explored, based on
the results of the Monte Carlo simulations of photon
transport in a set of materials of interest. Those analy-
ses covered the domain of incident photon energies up
to 300 keV and were limited to normal photon inci-
dence only. There are no systematic results for the inte-
gral reflection coefficients for oblique photon inci-
dence in the low energy interval available in the
literature. Some results can be found in [12], but they
do not systematically cover the range of incident pho-
ton energies and angles for different target materials,
which is the subject of this paper.
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METHODOLOGY RESULTS OF THE MCNP
CALCULATIONS

We have made an attempt to analyze the oblique
photon incidence using the approach and methodol-
ogy applied for the normal incidence, described in [7,
10, 11, 13]. Itis based on a three dimensional model of
a planar thick slab of material which is a target for a
narrow beam of monoenergetic photons. The photon
incidence angle has been varied from 0° (normal inci-
dence) up to 90° (extreme grazing angle, beam direc-
tion very close to the target surface) in the steps of 10°.
The photon incidence under 90° has been modeled us-
ing 89.5° in the simulations, in order to enable photons
to enter the target material.

In this paper we analyze the integral particle re-
flection coefficient (total number albedo) of photons
for reflection from different shielding materials (wa-
ter, concrete, aluminum, iron, and copper) for three
values of the initial photon energies: 100 keV, 200
keV, and 300 keV. The total number albedo has been
calculated based on the results of Monte Carlo simula-
tions of the photon transport, performed using
MCNP4C code [14]. MCNP simulations were run
with 107 photon histories, which ensured statistical
uncertainty of the results far less than 1% in all cases
(different materials, different initial photon energies,
different incidence angles). The number of reflected
photons leaving the material in all directions and with
all energies was determined using the surface current
tally (type F1).

Monte Carlo results for total number albedo of
photons for oblique photon incidence were analyzed
using the parameter u/Z., (where u is the total
cross-section of photons and Z. is the effective
atomic number of target material), i. e., the albedo co-
efficients are presented as functions of the u/Z g pa-
rameter, as it was done for normal photon incidence in
ref. [11].

The total number albedo for a given initial pho-
ton energy has been presented as a function of the pho-
ton incidence angle. The values of the total number
albedo of photons for five selected target materials, for
three initial photon energies and for four selected an-
gles of photon incidence are presented in tab. 1. Values
of the parameter u/Z_g, which correspond to the given
target material and initial photon energy, as described
in [11], are also presented in tab. 1.

Values of the total number albedo of photons ay
for all the materials analyzed and for three incident
photon energies E, presented as functions of the angle
of photon incidence 6, are presented in figs. 1-3.

The results presented in tab. 1 and in figs. 1-3
show that the total number albedo increases with the
increase of the photon incidence angle for a given tar-
get material and for a constant initial photon energy E|,.
This is because photons entering into the target me-
dium under a small angle to the surface (large angle to
the surface normal) are not penetrating into the mate-
rial deeply, so if scattered towards the surface, they
have a higher probability to leave the material without
undergoing another collision.

UNIVERSAL FUNCTIONS FOR TOTAL
NUMBER ALBEDO OF PHOTONS FOR
OBLIQUE INCIDENCE

In our previously published papers [10, 11] it
was shown that for normal photon incidence it was
possible to present the number and energy albedo of
photons as functions of the mean number of photon
collisions in the material or as functions of the parame-
ter (t/Z g, and that these functions were universal for

Table 1. Total number albedo of photons for four different angles of oblique incidence 0,

Material E, 'u/fof Total number albedo ay
[keV] [em™] 0o =10° 0 =30° 6o = 60° 6o =90°
100 0.165 0.40072 0.42514 0.52111 0.74195
Water 200 0.136 0.41828 0.44569 0.55216 0.77810
300 0.118 0.40200 0.43078 0.54415 0.78297
100 0.382 0.24204 0.26085 0.34287 0.59276
Concrete 200 0.285 0.31051 0.33520 0.43872 0.70311
300 0.246 0.31081 0.33766 0.44889 0.72427
100 0.424 0.21814 0.23547 0.31351 0.56259
Aluminum 200 0.321 0.29114 0.31513 0.41751 0.68792
300 0.278 0.29659 0.32279 0.43334 0.71372
100 2.600 0.04485 0.04975 0.07522 0.22036
Iron 200 1.060 0.11077 0.12465 0.19294 0.46991
300 0.833 0.13997 0.15826 0.24532 0.56110
100 3.660 0.03292 0.03660 0.05604 0.19349
Copper 200 1.280 0.08627 0.09797 0.15704 0.42138
300 0.946 0.11437 0.13067 0.21066 0.52543
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Figure 1. Total number albedo for 100 keV photons
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Figure 2. Total number albedo for 200 keV photons
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Figure 3. Total number albedo for 300 keV photons

several target materials. In this paper we explore the
possibility to present the total number albedo of pho-
tons for oblique incidence as universal function of the
ratio of total cross-section of photons and effective
atomic number of target material 1i/Z .

Figures 4 to 7 present graphically the depend-
ence of the total number albedo on the parameter 11/Z ¢
for several different angles of photon incidence (6, =
=10°, 30°, 60°, and 90°). The energy dependent val-
ues for i are taken from the reference [12].

Figures 4 to 7 generally confirm the universal
behavior of the total number albedo of photons ay for
oblique incidence, when presented as a function of
,u/ Zeff
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Figure 4. Total number albedo of photons as a function of
UIZ g for incident angle of 10°
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Figure 5. Total number albedo of photons as a function of
U/Z 4 for incident angle of 30°
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Figure 6. Total number albedo of photons as a function of
1/ Zq for incident angle of 60°
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Figure 7. Total number albedo of photons as a function of
UlZyy for incident angle of 90°
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Universal functions, which successfully de-
scribe the total number albedo of photons for all the
materials and initial photon energies £ analyzed, have
been proposed. The common form of these universal
functions for all the analyzed angles of photon inci-
dence 6, is presented in eq. (1), while the coefficients
of'the function for different angles of photon incidence
6,, determined by fitting the results of the numerical
MCNP simulations to a sum of exponential terms, are
given in tab. 2,

K2 —Cy
any =C, +Cye G+

_ﬂleﬁ‘cz 1
+C56 Cq ( )

Table 2. Coefficients C,; to C4 of the universal functions
for total number albedo for different angles of photon
incidence 6,

6o [°] C G Gy Cy Cs Cs
10 10.0171] 0.3978 |-0.00292| 0.3148 | 0.1460 | 1.6077
30 ]0.0213]0.3887 [-0.00160|0.3012 | 0.1841 | 1.4317
60 |0.0311|0.3356 | 0.00855 | 0.2578 | 0.3385 |1.3343
90 10.0499 0.1360 | 0.04905 | 0.1434 | 0.6784 |2.1307

Agreement of the MCNP results (points pre-
sented by different symbols) and the values predicted
by the universal “fit” curves is better for smaller angles
of oblique incidence, but is quite good even for very
large angles. Almost all the MCNP results are within
5% discrepancy from the exponential “fit” curve for
the photon incidence angles up to 60°. For larger inci-
dence angles discrepancies are higher, but again
within 10% for most of the points. The maximal dis-
crepancy is 15% foriron at £,=100keV and 6,=90°.

CONCLUSIONS

Based on the Monte Carlo simulations of photon
transport, integral particle reflection coefficient of
photons (total number albedo) was determined for dif-
ferent target materials and for oblique photon inci-
dence in the domain of initial photon energies up to
300 keV. Universal behavior of this coefficient was
demonstrated when it is presented as a function of the
parameter u/Z g Universal functions that successfully
describe the particle reflection for all the materials, an-
gles of incidence and initial photon energies have been
found. This confirmed that the universal behavior of
the total number albedo of photons, previously found
for normal photon incidence, is also valid for oblique
incidence.
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Baagan /b. bYBEHOB, Pogomyo . CAMOBUH

NHTETPAJIHN YECTUYHU KOEOUIINIEHT PE®JEKCUJE 3A KOCH
YIIAL ®OTOHA KAO YHUBEP3A/IHA ®YHKIINJA Y OBJIACTHU
MNOYETHUX EHEPTUJA TO 300 keV

Y papy cy mpuKa3aHd pe3yJATaTH IpOpavYyHa U aHAIA3a HHTETPATHOT YeCTUIHOT KOe(hUIUjeHTa
pedexcuje poOTOHA IPU KOCOM YIIay Ha paBHE MeTe, y 00JIaCTi NOYeTHUX eHepruja potona ox 100keV o
300 keV. Pe3ynraTu ce 3acHuBajy Ha MoHTe Kapno cumynanujama pedekcuje poToHa of1 Bojie, 6eToHa,
alyMUHMjyMa, TBOXbha m Oakpa, obOaBmenmMm MCNP mporpamom. 3a cBe aHanm3upaHe 3allITUTHE
Marepujaie y u3abpaHoj €eHepreTckoj 00JacTH, YOUEHO je [a ce MHTerpajHi YeCTHMYHU KOe(HUIMjeHT
pediiekcuje yHIBEp3alHO OHAIIA — KaJja je MpUKa3aH Kao (PYHKIMja OffHOCA TOTAIHOT Ipeceka (poToHa 1
e(heKTHBHOT aTOMCKOT Opoja Matepujana meTe. Onpebene cy ananutnuke popmyie 3a pa3ananTe yriioBe
yrnajia poToHA KOje onucyjy pedaekcujy poToHa Of CBUX aHATU3NPAHNX MaTepujajia u 3a CBe ojjadpane
eHepruje.

Kmwyune peuu: poition, wecitiuunu koegpuyujerit pegpaexcuje, koc yiao, MCNP tipozpam




